Renal injury induced by brain death is characterized by ischemia and inflammation and limiting it is a therapeutic goal that could improve outcomes in kidney transplantation. Brain death resulted in decreased circulating nitrite levels and increased infiltrating inflammatory cell infiltration into the kidney. Since nitrite stimulates nitric oxide signaling in ischemic tissues, we tested whether nitrite therapy was beneficial in a rat model of brain death followed by kidney transplantation. Nitrite, administered over 2 hours of brain death, blunted the increased inflammation without affecting brain death-induced alterations in hemodynamics. Kidneys were transplanted after 2 hours of brain death and renal function followed over 7 days. Allografts collected from nitritetreated brain dead rats showed significant improvement in function over the first 2 to 4 days post transplantation compared to untreated brain dead animals. Gene microarray analysis after 2 hours of brain death without or with nitrite therapy showed the latter significantly altered the expression of about 400 genes. Ingenuity Pathway analysis indicated multiple signaling pathways were affected by nitrite, including those related to hypoxia, transcription and genes related to humoral immune responses. Thus, nitrite-therapy attenuates brain death-induced renal injury by regulating responses to ischemia and inflammation, ultimately leading to better post-transplant kidney function.
Introduction
Brain dead (BD) donors account for a significant source (~60%) for all renal allografts transplanted in the US. Kidneys acquired from BD donors have inferior survival rates compared to living donors due to BD induced organ injury that comprises initially of massive acute cerebral injury, neurogenic shock, systemic vasoconstriction and hypoperfusion of multiple organs including the kidney [1] [2] [3] [4] . In addition to the tissue ischemia that ensues, electrolyte abnormalities and increased levels of pro-inflammatory cytokines post BD combine to result in inflammatory injury to the kidney that primes this organ for an exacerbation of ischemia-reperfusion (I/R) injury response post transplantation 5, 6 . This 'two-hit' process is a major contributor to poor kidney function and allograft survival post transplantation using organs from BD donors and has been demonstrated with other organ transplants. Limiting ischemic and inflammatory injury by treating the BD donor with corticosteroids, recombinant soluble P-selectin glycoprotein ligand, or erythropoietin have been shown to improve post transplantation renal function and survival in experimental models supporting the idea that therapeutics targeting the BD phase can be beneficial [7] [8] [9] .
Nitric oxide (NO) is an important endogenous modulator of inflammation and at lower concentrations protects against inflammatory stress by multiple mechanisms including limiting leukocyte-adhesion, antioxidant activity, improving tissue oxygenation, and inhibiting cell death. This view is supported by studies showing that therapies that increase NO bioavailability confer protection against I/R injury in both experimental and clinical studies [10] [11] [12] [13] [14] [15] [16] [17] . Major limitations with NO-therapy are unwanted systemic vasodilator effects highlighting the lack of therapies that target NO-formation to specific tissues. Inorganic nitrite (NO 2 − ) has long been considered an inert end product of aerobic NO metabolism.
However, recent insights reveal the presence of biological mechanisms that result in the 1-electron reduction of nitrite back to NO and stimulation of NO-dependent signaling. Importantly, this reduction is focused in hypoxic (or ischemic)/acidic tissues resulting in targeted NO-formation. Proposed biochemical mechanisms include nitrite reduction by heme/ molybdenum containing metalloproteins (including xanthine oxidoreductase (XOR), hemoglobin and myoglobin) whose ability to reduce nitrite is dependent on lower oxygen tensions [18] [19] [20] [21] [22] . Consistent with this concept several studies have shown the potential for nitrite therapy to stimulate NO-signaling only in ischemic tissues and mitigate I/R injury 11, 13, [23] [24] [25] [26] [27] [28] . Moreover, there is precedent for NO-based therapy to counter detrimental effects of BD. L-arginine therapy repletes NO-signaling and protected against BD dependent endothelial dysfunction and myocardial blood flow 29 .
In this study, we evaluated the potential of nitrite to protect against I/R damage that occur to the kidney during BD and improve function post transplantation. Presented data show that nitrite therapy to the BD donor can be administered safely and improve function post transplantation via anti-inflammatory mechanisms.
Results

Brain death (2h) decreases circulating, but not renal nitrite levels
Nitrite levels decrease during ischemic stress and nitrite therapy has been shown to improve renal function after ischemia-reperfusion 13, 25, 28, 30 . Using nitrite + nitrate as an index for NO-production, previous studies have concluded that excessive NO formation does not occur during 2h BD in rats 31 . Recent studies however, have suggested that nitrite is a more selective index of NO-formation in mammals 32 . Figure 1 shows that circulating nitrite levels are decreased ~60-70% after 2h of BD. However, renal nitrite levels did not change after BD.
Hemodynamic effects of nitrite therapy during brain death
During induction of BD in this model, mean arterial pressure (MAP) increases and then rapidly (within 10mins) decreases and remains lower than before BD ( Figure 2 ). Nitrite is a vasodilator and can promote hypotension. Initial studies therefore were designed to determine the optimal conditions for nitrite administration that would not exacerbate hypotension during brain death. Bolus administration of nitrite (0.1 mg/kg) led to a lower MAP compared to BD alone (not shown). We therefore tested an alternative nitrite administration protocol in which nitrite (0.1 mg) was administered over 2h of BD. Figure 2 shows that using this protocol, nitrite did not alter MAP compared to BD alone and was tested further for potential protective effects against BD induced kidney injury.
Nitrite therapy improves post-transplantation function of kidneys after brain death
Kidneys from rats rendered BD for 2h which were administered either saline or nitrite were transplanted and renal function assessed by measuring plasma creatinine and BUN (blood urea nitrogen) as a function of time post transplantation. Figure 3 shows that after transplantation of a kidney after BD, plasma creatinine and BUN increased for 2-3 days and then started to decrease indicating an initial worsening of renal function followed by resolution of injury. After transplantation of kidneys isolated from BD rats treated with nitrite however, creatinine and BUN levels were lower and decreased at faster rate compared to the BD alone group. Figure 1A -C shows that protective effects of nitrite occurred without significant increased nitrite levels in the plasma, RBC or kidneys 2h after BD induction. However, Figure 1D shows that while circulating nitrite levels decrease from the onset of BD alone, with nitrite therapy, plasma nitrite levels are elevated for the initial 30-60min and then gradually decrease over the next 60 min.
Nitrite prevents brain death induced inflammation in the kidney but not lipid peroxidation
To evaluate the mechanisms underlying improved renal function post transplantation of kidneys collected from nitrite treated BD rats, expression of several markers / mediators of inflammation and oxidative stress were measured in kidneys collected after 2h of brain death. Figure 4 shows representative immunofluoresence staining for the adhesion molecules CD11a, CD11b, CD18 and the protein adduct of 3-HNE. All these markers increased after 2h BD and showed a tubular location consistent with increased inflammation and oxidative stress. Nitrite treatment decreased staining for CD11a and CD11b, further confirmed by significant decrease in CD11b measured by western blotting ( Figure 4B ). Interestingly, nitrite did not affect 3-HNE staining. No changes in expression of the proinflammatory peroxidase myeloperoxidase, the inflammatory marker 3-nitrotyrosine, or adhesion molecules ICAM-1, VCAM-1 were observed in BD exposed rats (not shown).
Effect of C-PTIO and allopurinol on nitrite dependent protection against renal inflammation
Previous studies have shown that NO-scavenging (by C-PTIO) and/or inhibition of nitritereduction to NO by xanthine oxidoreductase (using allopurinol) prevents nitrite-dependent protection against ischemic tissue toxicity. Using CD11b expression as a marker, C-PTIO had no effect on BD induced renal injury and did not significantly reverse the protective effects of nitrite, although a trend towards a reversal is noted ( Figure 4B ). Allopurinol itself protected against BD induced renal inflammation. Nitrite had no additional effects and allopurinol did not reverse nitrite dependent inhibition of CD11b expression ( Figure 4B ).
Nitrite-dependent changes in gene expression determined by microarray profiling
Supplementary Figure 1A shows a heat map showing that nitrite therapy altered the expression of 381 genes relative to BD alone, with 264 being down-and 117 up-regulated. Ingenuity Pathway Analysis (IPA) generated 19 networks (with >1 focus molecule identified) affected by nitrite therapy (Table 1 ) and consistent with recent reports showing nitrite therapy has diverse effects of gene expression profiles 33 . Interestingly, the highest ranked network was related to the humoral immune response, an established key element of inflammatory tissue injury during BD in the kidney 34 . Supplementary Figure 2 illustrates the top 5 canonical signaling pathways that are most significantly affected by nitrite therapy (and are elF2, Notch, HIF1α, Nrf2 / oxidative stress and elF4 / p70S6K respectively) and also indicate specific genes that maybe modulated by nitrite therapy. Supplementary Figure  1B lists the number of genes that are down-or up-regulated within these pathways. Figure 5 shows real time-PCR analyses of 9 selected genes encompassing the top 5 pathways and separates these into those that either did not change or were up-regulated by nitrite + BD relative to BD alone. Supplementary Table 1 compares mRNA array data with real time-PCR data and shows that nitrite dependent changes indicated by mRNA arrays were validated with 4 of the selected genes. Finally, since one of the genes validated to increase with nitrite therapy was Keap1, relative expression of Nrf2 was also determined. Figure 5 shows that this too was increased with nitrite therapy relative to BD alone.
Discussion
Brain dead donors comprise a significant resource of kidney allografts for transplantation. A major limitation of organs collected from BD donors is the enhanced sensitivity of the organ to injury post-transplantation when compared to organs collected from living donors. This is important since the extent of this injury is inversely related to organ function and graft viability and provides a target for therapeutic intervention to both limit BD induced injury and prevent secondary transplantation induced renal dysfunction. Underlying BD induced injury is increased ischemia and inflammation. Recent studies have shown that rather than an inert metabolite of aerobic NO metabolism, at low concentrations (nM-µM), nitrite can serve as a source for NO specifically under hypoxic and/or acidic conditions. This concept has been demonstrated by i) decreased nitrite levels during ischemic stress with the concomitant increase in NO and NO-protein adducts 13, [35] [36] [37] [38] , ii) stimulation of NOsignaling in hypoxic, but not normoxic tissues 24, 39 and iii) nitrite therapy protecting against I/R injury in diverse organs systems by NO-formation [11] [12] [13] 21, 40, 41 . This together with decreased circulating nitrite levels during BD (Figure 1 ), consistent with ischemic stress, provided the rationale for testing nitrite therapy to attenuate BD induced renal injury and improve function post-transplantation.
Decreased circulating nitrite levels could be due to endothelial dysfunction as previously reported with BD 29 , and/or increased consumption which has also been reported in the setting of ischemic tissue injury 13 . In fact data showing that nitrite levels in the circulation rise and then fall despite continual administration over 2h of BD ( Figure 1D ) suggest that increased nitrite consumption is occurring. Renal nitrite levels did not change with BD suggesting that with the relatively mild (only 2h BD) model used herein, ischemic stress in the circulation is more prevalent. Further studies evaluating nitrite therapy using longer BD times that also more severely compromise organ function are clearly required.
Most previous studies have shown nitrite-protection against IR injury to be mediated by NOformation. In this model, nitrite targets NO formation only in the ischemic tissue where it can stimulate multiple signaling responses that result in inhibition of IR injury including attenuating inflammation and oxidative stress, inhibiting cell death, promoting blood flow and regulating mitochondrial respiration 20, 40 . Importantly, all of these potential effects could play a role in the observed protective effects of nitrite during BD. Based on BD causing decreased nitrite only in the intravascular compartment, we posit that the protective effects of nitrite are mediated primarily in the circulation and perhaps by improving renal blood flow or attenuating leukocyte activation, which could explain decreased CD11a and CD11b levels in the kidney. Co-administration of C-PTIO did not reverse nitrite dependent protection suggesting NO-independent mechanisms are operating to limit kidney injury. Also, a role for XOR was difficult to assess since allopurinol itself prevented BD induced injury more so than nitrite suggesting increased reactive oxygen species production plays a role in BD induced organ dysfunction, a conclusion supported by increased lipid peroxidation in the kidney ( Figure 4A ).
Despite the lack of understanding of where nitrite is exerting protective effects, it is clear that nitrite therapy affects gene expression profile in the kidney after BD. Previous studies have shown changes in the expression of 60-90 genes using microarray analysis in kidneys 6h after BD 34 . Interestingly, differential profiles of genes being up-or down-regulated are observed in the kidney post BD depending on whether hemodynamics are controlled or not, and encompassed genes that affected metabolism/transport, immune/inflammatory cell activation, growth/fibrosis and defense/repair processes. We utilized gene arrays to gain insights into potential mechanisms by which nitrite protected against BD-dependent renal injury and specifically those that are not revealed by analysis of candidate markers of inflammation and oxidative stress. IPA of networks affected by nitrite compared to BD alone, showed that many processes were potentially affected (Table 1) including gene expression and modulation of humoral immune response, the latter being consistent with nitrite inhibiting inflammatory stress.
Within the top 5 canonical pathways that were most significantly affected by nitrite therapy, only a small percentage of total genes were in fact modulated by nitrite (4-10%) suggesting a specificity of responses. Real time-PCR analysis was performed on selected genes encompassing these pathways. Supplementary Table 1 shows ~50% concordance between changes in gene expression mediated by nitrite determined by array and real time-PCR analysis. Importantly however, at least one gene from each of the top 5 pathways identified as changing in response to nitrite therapy was validated by real time-PCR ( Figure 5) . Two of the top 5 pathways relate to expression of eukaryotic initiation factors with nitrite therapy up-regulating eIF4γ. The exact consequences of such changes are difficult to predict, but are consistent with high diversity of genes affected by nitrite 33 as indicated in Table 1 . The second pathway was related to Notch signaling an increase of which has recently been shown to facilitate tubular repair after acute renal injury 42 . Nitrite therapy increased expression of γ-secretase suggesting increased Notch cleavage and subsequent stimulation gene transcription will occur. Potential effects of nitrite on HIF1α and Nrf2 (pathways 3 and 4 respectively) are clearly of interest with respect to known mechanisms of BD induced renal injury. Interestingly, nitrite therapy up-regulated elongin-C, the predicted consequence is limited activation of HIF1α and may represent an affect of nitrite in countering BD induced ischemic stress. One potential mechanism is possible improvement in renal blood flow via reactions with hemoglobin 43, 44 . Moreover, nitrite therapy up-regulated the expression of Keap-1 and Nrf2. Keap 1 binds Nrf2 in the cytosol, preventing the latter from inducing a variety of stress response genes that protect cells from oxidative and inflammatory stimuli. While relatively little is known on how expression levels of Keap1 and Nrf2 mRNA affects responses to oxidative / inflammatory stimuli, this data suggests that nitrite may affect oxidative and nitrosative signaling via these key transcription factors. Further studies evaluating how protein levels and transcriptional activity of the aforementioned mediators (identified from array and RT-PCR studies), change during BD injury in the presence or absence of nitrite therapy, are a necessary next step to further define mechanisms of nitrite protection.
The current studies evaluated nitrite therapy during BD itself and not post-transplantation dependent inflammatory injury. However, numerous studies have shown protective effects of nitrite during organ transplantation and/or IR injury and in most of these instances nitrite is effective independent of how it is administered (dietary, intraperitoneal, intra-organ injection or intravenous) 11, 13, 14, 28, 45 . With respect to the kidney however, the route of administration of nitrite appears to play an important role. Intraperitoneal or intravenous administration did not protect against renal I/R injury 46 , whereas topical administration does 25, 30 . The mechanistic basis for this difference remains unclear. Irrespective, intravenous nitrite administration does protect the kidney from BD induced injury. How nitrite is administered during BD is also important when assessing safety. A key element in BD induced kidney injury is hypotension as demonstrated by experimental studies showing decreased injury when hypotension is avoided 4 . Indeed, clinically the management of hypotension is by administration of fluid and/or vasoconstrictors. Nitrite is a vasodilator which raises concerns about using this anion as a therapeutic. Initial studies testing bolus nitrite administration decreased MAP compared to BD alone resulting in mortality. However, administration of nitrite as for the duration of BD did not result in additional hypotension and did not promote mortality. These data show that in the setting of BD, nitrite can be administered safely and protects against BD induced renal injury, however the route of administration is critical.
Limitations of the current study include the lack of precise mechanistic insights into how nitrite prevents BD induced renal injury. Moreover, we note that a relatively mild (2h) BD injury model was employed (the severity of BD injury increases with increased time of BD 4 ). Despite these limitations, the data presented herein support the feasibility of NO based and specifically nitrite based therapy for limiting BD induced renal injury.
In summary, we have shown that nitrite can be administered safely in a rat brain death model and was able to mitigate the brain death induced ischemia reperfusion injury to renal grafts and improve post transplant renal function. Nitrite administration during 2h BD results in decreased markers of infiltrating inflammatory cells in the kidney and more importantly, resulted in kidneys whose function was significantly improved after transplantation compared to an allograft obtained from a BD alone rat. These data suggest that nitrite prevents ischemic / inflammatory tissue injury during the BD phase which results in a kidney that is more resistant to subsequent IR injury post transplantation. Whether nitrite dependent protection occurs by affecting inflammation, tissue perfusion or the kidney responses to ischemic and inflammatory stress is not clear. Gene array studies clearly suggest however, that modulation of renal responses to stress are likely to play a role.
Methods
Animals
Male Lewis rats, aged 8-12 weeks and weighing 250-300 g, were used. Animals were fed a normal NaCl diet (AIN-76A) diet (Dyets, Inc., Bethlehem, PA) as previously described 47 and allowed free access to water. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham.
Brain Dead Model
Brain death was produced by balloon inflation of a Fogarty catheter introduced into the subdural space through an occipital burr hole as described in detail in Supplementary material. Briefly, after anesthesia rats were intubated and mechanically ventilated with intermittent positive pressure for 2h. Arterial blood pressure was monitored continuously. All animals received 0.9 ml of lactated Ringer solution intravenously for 30 min during the 2-h period. A 1-mm hole was drilled through the skull 0.3 cm lateral to the sagittal suture and then a No. 3 Fogarty catheter inserted through the burr hole. For raising the intracranial pressure gradually, the balloon was inflated with 40 µl/min saline until respiration ceased. The absence of reflexes, apnea, and maximally dilated and fixed pupils confirmed the condition. The balloon was kept inflated during the entire 2hr follow-up after which left and right kidneys were harvested. Left kidney was used for transplantation and right kidney for mRNA or tissue collection for subsequent analyses. MAP was controlled and maintained between 60-80mmHg by addition of lactated ringers solution and Hespan as necessary. We note that with bolus administration of nitrite, fluid administration was not able to increase MAP (see Figure 2 ).
Nitrite therapy
Sodium nitrite (Sigma, St. Louis, MO) was dissolved in sterile PBS and administered intravenously either as a bolus injection (0.1 mg/kg, in a 100 µl volume) or by injecting 133 µl every 10min (over 2hr, first dose starting 10min after induction of BD) resulting in 0.0083 mg/kg/injection or 0.1 mg/kg over 2h. Saline was used as a control for nitrite. Nitrite administration was started 10min after BD induction. C-PTIO and allopurinol were administered at 1 mg/Kg after induction of BD.
Kidney Transplant
Kidney transplantation surgery (Lewis to Lewis syngeneic transplantation) was performed according to the method previously described 48 and described in detail in supplementary material.
Creatinine and BUN Assay
Serum creatinine and BUN levels were assayed using a VetACE biochemistry machine (Alfa Wasserman, West Caldwell, NJ).
Histology and Immunofluoresence
Paraffin embedded kidney sections were deparaffinized and stained with indicated antibodies as described in supplementary material.
Western Blotting
Western blotting was performed as described in supplementary material.
Nitrite measurements
Nitrite was measured in the blood and kidneys as previously described and in supplementary material. 16 
RNA Isolation for Gene Analysis
Detailed methods are provided in supplementary information. Briefly kidneys were cut into 3cm × 3cm segments and flash frozen in liquid N 2 . Total RNA was then isolated using a protocol based on the interaction of phenol and guanidine with cellular components. Gene expression analysis was performed using the Rat Ref-12 BeadChip and iScan system from Illumina, Inc. (San Diego, CA). The Rat Ref-12 BeadChips contain sequences representing approximately 22,000 curated and putative genes and ESTs. Quality standards for hybridization, labeling, staining, background signal, and basal level of housekeeping gene expression for each chip were verified. After scanning the probe array, the resulting image was analyzed using the GenomeStudio software (Illumina, Inc., San Diego, CA). Samples were normalized using a quantile procedure, and differential gene expression control and treatment groups was performed via a custom Illumina analysis designed to eliminate background noise from the analysis by subtracting out the signal from negative beads (p<0.05). Gene lists were not adjusted for multiple testing.
Ingenuity Pathway Analysis
The data set was analyzed by using Ingenuity Pathways Analysis (IPA) software (ver 8.7: Ingenuity® Systems, www.ingenuity.com). The data set contained gene identifiers and corresponding expression values and was uploaded into the application. Each identifier was mapped to its corresponding object in Ingenuity's Knowledge Base. Fold change for the target molecules was used to display the genes whose expression was up-or downregulated. These Network Eligible molecules were overlaid onto a global molecular network developed from information contained in Ingenuity's Knowledge Base. Networks of Network Eligible Molecules were then algorithmically generated based on their connectivity. The Functional Analysis identified the biological functions that were most significant to the data set. Right-tailed Fisher's exact test was used to calculate a p-value determining the probability that each biological function assigned to that data set is due to chance alone. Canonical pathways analysis identified the pathways from the Ingenuity Pathways Analysis library of canonical pathways that were most significant to the data set. The significance of the association between the data set and the canonical pathway was measured in 2 ways: 1) A ratio of the number of molecules from the data set that map to the pathway divided by the total number of molecules that map to the canonical pathway is displayed. 2) Fisher's exact test was used to calculate a p-value determining the probability that the association between the genes in the dataset and the canonical pathway is explained by chance alone. Finally, we note that gene array analysis of control vs. BD alone, or control vs. nitrite alone groups revealed significant and distinct gene expression profiles changes compared to BD vs. BD + nitrite (not shown). Our focus here was on understanding the therapeutic potential of nitrite and hence we limit discussion to gene expression changes in BD + nitrite vs. BD alone groups only.
Real time-PCR
primer sequences and real time-PCR analyses were performed as described in supplementary data.
Statistical Analysis
Data are presented as mean±SEM. The t test was used for comparisons between two groups. For the comparisons that involved more than two groups, ANOVA and the Tukey/ Bonferroni post test were used for analysis, with statistical significance considered at p<0.05
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
